Experimental challenges associated with characterization of the membrane-bound form of talin have prevented us from understanding the molecular mechanism of its membrane-dependent integrin activation. Here, utilizing what we believe to be a novel membrane mimetic model, we present a reproducible model of membrane-bound talin observed across multiple independent simulations. We characterize both local and global membrane-induced structural transitions that successfully reconcile discrepancies between biochemical and structural studies and provide insight into how talin might modulate integrin function. Membrane binding of talin, captured in unbiased simulations, proceeds through three distinct steps: initial electrostatic recruitment of the F2 subdomain to anionic lipids via several basic residues; insertion of an initially buried, conserved hydrophobic anchor into the membrane; and association of the F3 subdomain with the membrane surface through a large, interdomain conformational change. These latter two steps, to our knowledge, have not been observed or described previously. Electrostatic analysis shows talin F2F3 to be highly polarized, with a highly positive underside, which we attribute to the initial electrostatic recruitment, and a negative top face, which can help orient the protein optimally with respect to the membrane, thereby reducing the number of unproductive membrane collision events.
INTRODUCTION
Talin is an abundant and ubiquitous cytoskeletal-associated protein, which was shown to be essential to cell-extracellular matrix adhesion at hemidesmosomes and focal adhesions more than three decades ago (1) . Talin is now known to be the final common protein in all signaling pathways that lead to integrin activation (2, 3) and plays a prominent regulatory role in integrin-mediated cell adhesion processes (4) . Integrins are heterodimeric cell-surface receptors that are crucial for signal transduction in cell differentiation, platelet coagulation, leukocyte recruitment, and tumor metastasis (5) (6) (7) (8) (9) . They are composed of one aand one b-subunit, with each subunit consisting of a short cytoplasmic tail, a single transmembrane helix, and a large extracellular domain (10, 11) . The mammalian genome encodes for 18 distinct a-subunits and eight distinct b-subunits, which are assembled into 24 distinct integrin dimers, each with a unique function (5) . Most integrins are expressed in a default, low ligand-affinity state termed the ''off-state''. Integrin conformation must be altered to generate a high ligand-affinity state that transmits signals across the cell membrane (2, 3, 5, 6, (8) (9) (10) (11) (12) (13) (14) . This process is known as ''integrin activation'' and occurs at the membrane surface in response to both cytoplasmic and extracellular signals, respectively termed ''inside-out'' and ''outside-in'' signaling (5) . Recent studies have identified talin, a cytoskeletal-associated protein, as the most potent inside-out activator of integrins (2, 3, 9, (12) (13) (14) .
Talin is a high-molecular-weight peripheral membrane protein (270 kDa) composed of a large rod domain (see Fig. S1 in the Supporting Material), which interacts with the cytoskeleton, and a smaller head domain, which binds to the membrane surface and activates integrin (4, 13, 14) . The talin head domain consists of four subdomains, namely the F0, F1, F2, and F3 subdomains (15) (16) (17) . The F2 and F3 subdomains are key to the membrane binding process as well as to the activation of integrin at the membrane surface (18, 19) . Although the F3 subdomain is sufficient for integrin activation (20) , interactions between talin's positively charged membrane orientation patch (MOP) in the F2 subdomain (see Fig. S1 , b and c) and anionic lipids, such as phosphatidylserine (PS) (21) and PIP 2 (22, 23) , greatly enhance the rate of integrin binding and activation (24) . Therefore, a proper description of the membrane-bound talin F2F3 subdomain is necessary to fully understand the mechanism of inside-out integrin activation.
Structures of talin in solution (i.e., in the absence of membrane) have been solved (21, (25) (26) (27) ; however, discrepancies between biochemical data and structural models remain. While biochemical and structural studies (21, 23, 26, 28) have both shown the basic residues in the talin MOP to be essential for membrane binding, several other membrane binding moieties known to exist, such as an F3 association patch (FAP) or hydrophobic membrane anchor (23, 27, (29) (30) (31) (32) , have not been described by structural models to date. For example, mutation of certain basic residues in the F3 subdomain have been shown to diminish integrin activation (23, 32) . Because these residues are not thought to interact with integrin, it has been suggested that the F3 subdomain must interact with the membrane to properly bind both the membrane-proximal and membrane-distal interaction sites on integrin (27, 33) . The relative orientation of the F2 and F3 subdomains in crystal structures, however, precludes the simultaneous binding of the basic faces of the F2 and F3 subdomains with the membrane. Because the F3 subdomain is the primary link between talin and integrin, knowing the position of the F3 subdomain relative to the membrane is also a crucial point in understanding talin-dependent activation of integrin.
Although it has been shown by thin film studies (29) , antibody labeling (30) , and construction and computational analysis of synthetic peptides (34, 35) that talin inserts into the hydrophobic core of the membrane, the hydrophobic binding moiety has not been identified in either biochemical or structural studies to date. In 2010, coarse-grained molecular dynamics (MD) simulations (28) have been utilized to address membrane binding of talin. Although these simulations verified the role of MOP residues in membrane association of talin, they did not characterize a hydrophobic membrane anchor, nor direct interaction of the F3 subdomain with the membrane due to the restrictions imposed on protein structure inherent to coarse-grained MD. To understand how talin affects the dynamics of integrin and ultimately activates it, one must understand how the membrane might drive the structural changes in talin that lead to proper interaction with integrin.
Here, we utilize all-atom MD simulations to address several questions surrounding the membrane binding of talin and how membrane binding modulates the structural and dynamical properties of talin to optimally interact with and activate integrin. With the aid of our recently developed membrane mimetic model (36) , five independent simulations of the talin F2F3 subdomain binding to a PS bilayer were performed. Across these simulations, the talin F2F3 subdomain spontaneously bound to the membrane, providing a well-equilibrated model of the membranebound form of talin. The importance of the basic MOP residues in attracting talin to the anionic surface of the membrane is apparent in all simulations. We also have identified a previously uncharacterized Phe-rich membrane anchor in the F2 subdomain, which firmly anchors talin to the membrane surface. The membrane anchor of talin has not been described in either x-ray diffraction or NMR studies (21, 25, 26) due to its deep burial inside the protein while in solution, the anchor only being exposed upon membrane binding. After the association of the F2 subdomain with the membrane, we observe a large, membrane-induced conformational change between the F2 and F3 subdomains that brings the F3 subdomain into direct contact with the mem-brane and can account for the structural change that positions talin to optimally interact with integrin. These results have revealed the role of the membrane as an active platform for properly positioning talin for inside-out integrin activation.
METHODS

Modeling the talin F2F3 subdomain
The initial structure of the talin F2F3 subdomain (consisting of residues 192-408) was taken from the crystal structure of a talin F2F3/integrin b1D complex (PDB:3G9W) (21) , deposited in the RCSB Protein Data Bank (Research Collaboratory for Structural Bioinformatics; http://home. rcsb.org/). Hydrogen atoms, a C-terminal carboxylate capping group, and an N-terminal ammonium capping group were added using the PSFGEN plugin of the software VMD (University of Illinois at Urbana-Champaign, Champaign, IL; http://www.ks.uiuc.edu/research/vmd/) (37) . Structural water molecules were retained, whereas artifacts from the crystallization medium (i.e., glycerol and di(hydroxyethyl)ether) were removed before the simulations. The protein was then solvated in 22,518 water molecules and ionized with 61 Na þ ions and 67 Cl À ions (150 mM NaCl) using the SOLVATE and AUTOIONIZE plugins of VMD to give the system final dimensions of 88 Â 93 Â 93 Å 3 containing~71,500 atoms. The system was energy-minimized and equilibrated as an NPT ensemble (P ¼ 1.0 atm, T ¼ 310 K) for 2 ns without constraints. The resulting structure was used as the initial structure for all subsequent membrane-binding simulations. The simulation of the equilibrated system in solution was extended to 40 ns under the same conditions to describe the behavior of talin in solution and provide a control system to compare with the membrane-binding simulations.
Membrane simulations of talin F2F3 subdomain
Capturing the membrane binding of peripheral proteins using all-atom simulations employing full-length lipids has proven to be prohibitively costly, preventing multiple, independent runs and the collection of sufficient statistics. To circumvent this problem, multiple methods have been employed to study membrane binding of peripheral proteins with increasing levels of approximation, including coarse-grained models (28, (38) (39) (40) (41) and implicit membrane models (42) (43) (44) . However, these models lack the atomic detail necessary for accurate description of specific protein-lipid interactions. With the aid of a novel membrane mimetic recently developed in our laboratory (36), we were able to perform multiple independent simulations (n ¼ 5) of talin F2F3 spontaneously binding to the membrane. The highly mobile membrane mimetic model (HMMM) is created by placing shorttailed lipids, such as DBPS (1,2-dibutyl-sn-3-glycero-phosphatidylserine), at the interface of an aqueous-organic biphasic system. This greatly expedites the dynamics of the lipid headgroups, allowing for rapid and spontaneous insertion of peripheral proteins (36) without compromising the atomic details of the headgroups that are often key for proper description of specific lipid-protein interactions. Although the impetus behind the model is to increase lateral diffusion of lipids, the HMMM membrane has also been shown to conserve the area per lipid, the density profile of the membrane (36) , and the energetics of sidechain-lipid interactions with the headgroups and beginning of the acyl tails (45) . A more detailed description and discussion of the HMMM system, along with its implementation, can be found in Ohkubo et al. (36) .
A biphasic system consisting of DCLE (1,1-dichloroethane) and water was constructed as previously reported in Arcario et al. (46) , with the organic layer measuring 80 Â 80 Å 2 in the xy plane to provide a large enough surface to accommodate the protein. The number of DCLE molecules needed is based on the density of the solvent (1.2 g/mL) and the volume of solvent slab to be used in the simulation, which measures 80 Â 80 Â 40 Å 3 in this study. Because talin has been shown to preferentially bind to Biophysical Journal 107(9) 2059-2069 anionic membranes (15, 16, 22) , we placed 200 DBPS molecules (100 per leaflet) in the biphasic system to match experimental area per lipid (A L ) of 64 Å 2 , which corresponds to the area per lipid experimentally measured for a DOPS bilayer (47) . The phosphorous atoms were aligned at the aqueous-organic interface to reproduce experimental membrane thicknesses. The membrane patch was then solvated and neutralized to 150 mM NaCl, giving the system final dimensions of 80 Â 80 Â 240 Å 3 . The equilibrated talin F2F3 subdomain was placed into an equilibrated DBPS HMMM system~10 Å above the membrane surface and overlapping solvent molecules were removed. The five systems simulated differed in the initial orientation of talin with respect to the membrane surface. Each system was then ionized by adding six additional Cl À ions, with the final system containing~150,000 atoms. After energy minimization, each system was simulated for 40 ns as an NP n AT (constant pressure, temperature, and area) ensemble (P n ¼ 1.0 atm, T ¼ 310 K).
Conversion of HMMM model to conventional membrane
To ensure that the model of talin generated using the HMMM model is stable in full membranes, we replaced the HMMM membrane with a conventional DOPS membrane using a snapshot of the membrane-bound talin ( Fig. 1 D) . In making this transformation, we wanted to minimize the perturbation to the lipid-protein contacts as much as possible. To accomplish this, we first removed all DCLE molecules from the system. For each DBPS short-tailed lipid in the system, the headgroup (i.e., phosphate and serine moieties) from a DOPS lipid was superimposed onto the headgroup of the existing DBPS molecule, ensuring the contacts between headgroup and protein went unperturbed. With the headgroup orientation preserved, the tails from the DOPS were then modeled onto the ends of each DBPS molecule, essentially elongating the DBPS tails to create fulllength DOPS lipid. To minimize perturbation to the headgroup-protein interactions, the DOPS membrane was slowly relaxed around the protein. To begin, the lipid tails were melted for 2 ns, with the lipid headgroups and protein harmonically restrained (k ¼ 5.0 kcal/mol , Å 2 ). Because the HMMM membrane equilibrated to a slightly larger thickness than a DOPS membrane (42 Å for the HMMM membrane compared to 39 Å for a DOPS membrane), we allowed the trans-leaflet to relax for 2 ns, while still restraining the headgroups in the cis-leaflet to minimize perturbations to the lipid protein interactions. Next, the restraints on the cis-leaflet, as well as the constant area constraint, were lifted and the system equilibrated for 2 ns. This allows for the membrane to equilibrate to the correct A L as well as equilibrate around the protein, which is still harmonically restrained. After this, all restraints were released and the system simulated for 100 ns in an NPT ensemble (P ¼ 1.0 atm, T ¼ 310 K).
Simulation protocols
All simulations were performed using the software NAMD2 (University of Illinois at Urbana-Champaign; http://www.ks.uiuc.edu/Research/namd/) (48) utilizing the CHARMM27 set of force-field parameters with f/j cross-term map corrections (49) for proteins and the CHARMM36 (50,51) set of parameters for lipids and DCLE. Topology and parameter files for DBPS were developed using POPS as a template (36) and simply shortening the fatty acid tails to four carbons. The TIP3P model (52) was used for water. The target pressure was set to 1.0 atm, the temperature of the system was set to 310 K, and the time step used was 2.0 fs. Constant pressure was maintained using the Nosé-Hoover Langevin piston method (53, 54) . A Langevin damping coefficient, g, of 1 ps À1 was used to maintain the temperature of the system. Nonbonded interactions were cut off after 12 Å with a smoothing function applied after 10 Å . Long-range electrostatic interactions were treated using the particle-mesh Ewald (PME) method (55) with a grid density >1 Å À3 . Bonded and nonbonded forces were calculated every time step, while PME calculations were performed every other time step.
Electrostatic potential calculations
The electrostatic potential maps were calculated using the PMEPOT plugin (56) of VMD to study the general electrostatic features of talin F2F3 and how it might affect membrane binding. Because electrostatic calculations utilizing the PME method (55) rely on the periodic bounding box of the simulation, rotation/translation of the molecule can complicate proper FIGURE 1 Distinct stages in the membrane binding of talin F2F3. (a; blue frame) Initial configuration of the talin F2F3 subdomain (green cartoon) in a DBPS HMMM system (DBPS, brown; DCLE, yellow). Residues participating in membrane association/insertion are shown as sticks (MOP residues, blue; membrane anchor, red; FAP residues, gray). The membrane is translucent in the snapshots to clearly demonstrate the structural transitions involved in membrane binding. (b-d) The three distinct stages in talin membrane association and insertion; talin F2F3 is initially attracted to the anionic membrane via the basic MOP (b; orange frame), followed by exposure and membrane insertion of the Phe-rich hydrophobic anchor (c; green frame), and a large interdomain conformational change that also brings the F3 subdomain into contact with the membrane via the FAP (d; averaging of the potential around the protein. Moreover, the edges of the bounding box are also prone to error. Therefore, to obtain accurate potentials at the surface of talin, a separate solution system was constructed similar to the one above in which talin was harmonically restrained (k ¼ 7.5 kcal , mol À1 Å À2 ) at four Ca atoms, two from the F2 subdomain (P211 and C238) and two from the F3 subdomain (P330 and T357), to prevent rotation and translation while allowing for local rearrangements of side chains. After energy minimization and 1 ns of equilibration, the system was simulated for 5 ns. The backbone of talin in each frame was superimposed on the backbone of the initial conformation to remove rotational and translational movements and the potential was calculated every 0.05 ns for 5 ns with a grid resolution of 1 Å À3 and averaged over the trajectory.
RESULTS
The simulations reported herein produced a well-equilibrated and reproducible model of the membrane-bound talin F2F3 subdomain (herein referred to as ''talin F2F3''), which was used to explore talin's initial association and subsequent penetration into the membrane. Starting with a random orientation of talin with respect to the membrane, five independent simulations, which can tumble through~20 before binding the membrane (see Table S1 in the Supporting Material), showed spontaneous binding and insertion into an anionic PS HMMM (highly mobile membrane mimetic), with the bound state maintained for the remainder of the simulations. In Fig. 1 (and see Movie S1 in the Supporting Material), the three distinct steps of talin membrane-binding characterized by these simulations, together with specific molecular events involved in the process, are shown for one of the membrane-binding simulations (see Fig. S2 for data on all five simulations). These steps are the following:
1. Attraction of a highly positive residue patch (MOP) in the F2 subdomain to the anionic surface of the membrane (Fig. 1 , a and b); 2. Release of an initially buried membrane anchor, which anchors talin F2F3 to the membrane (Fig. 1, b and c); and 3. A large-scale, membrane-induced conformational change between the F2 and F3 subdomains that also brings the F3 subdomain into contact with the membrane via a triad of residues termed the ''F3 association patch'' (FAP) (Fig. 1, c and d) .
The same trend in relative penetration depth of the MOP, FAP, and Phe-rich membrane anchor is observed across all five independent simulations. The absolute penetration depth varies between the five simulations, however, which is to be expected due to the fluid and highly dynamic nature of the membrane surface. This study represents, to the best of our knowledge, the first description of a Phe-rich membrane anchor, identifying the residues responsible for hydrophobic interaction between talin and the membrane. The large-scale conformational change consistently observed in our simulations reconciles the discrepancy between mutagenesis studies (23) , which proposed contacts between basic faces of both the F2 and F3 subdomains and the membrane, and structural studies (21, 25, 28) , which have only been able to characterize solution forms of the head domain arranged such that membrane-binding of the MOP in the F2 subdomain prevents binding of the F3 subdomain. These features are discussed in more detail in the following sections.
Electrostatic steering of the F2 subdomain
Mutagenesis studies have demonstrated the critical role of the positively charged MOP, specifically residues K258, K274, R276, and K280, in the membrane association of the talin head domain (21, 23, 26, 28) . Therefore, we placed talin F2F3 with these residues oriented toward the membrane, but at a height of 15 Å above the membrane surface.
The slow dynamics of lipids on the timescales accessible to MD causes difficulties in sampling protein-lipid interactions using conventional models of lipid bilayers and makes studying the membrane insertion of peripheral proteins, such as talin, prohibitively costly. Because of these difficulties, we utilized our recently developed membrane mimetic system, termed the ''HMMM model'' (36) , which, due to the increased lateral diffusion of lipids, expedites membrane insertion dynamics without compromising the atomistic details that are key to proper description of protein-lipid interactions. Despite the increased lateral mobility in the HMMM, we have shown that the most pertinent properties of the membrane, such as atomic density profiles, area per lipid, and energetics of sidechain-lipid interactions with the headgroup and beginning of the acyl tails, are conserved (36, 45) . Using a PS HMMM system, we were able to capture spontaneous membrane binding of talin (i.e., in the absence of an external force or biasing potential to artificially induce membrane binding) in five independent simulations (see Fig. S2 ).
As anticipated from mutagenesis studies (21, 28) , the MOP residues of the F2 subdomain described above make initial contact with the anionic surface of the membrane very rapidly (in <10 ns in all simulations). However, our simulations also characterized additional membrane-binding residues, specifically H255, K256, K265, K270, and K287 ( Fig. 2 , and see Table S2 ). Although these residues have not been reported previously, they appear to interact nonspecifically with the charged surface of the bilayer (see Table S2 ). These additional interactions observed in the simulation could be due to the highly charged nature of our membrane, but these basic residues reside in the headgroup region when talin is bound to the membrane. Therefore, we believe that these residues are significant even in more physiologically relevant membranes. Once talin is bound to the membrane, as judged by the insertion of the Phe-rich membrane anchor (see below), it coordinates 12 lipids closely: 10.1 via basic MOP residues in F2 and 1.8 via the FAP in F3 averaged over the last 10 ns of all five trajectories, which represents the fully membranebound state.
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To study the overall electrostatic forces involved in binding of talin to the PS membrane surface, the electrostatic potential map of talin was calculated using a separate simulation performed in aqueous solution, i.e., in the absence of the membrane (Fig. 3) . The map reveals, interestingly, the highly polarized electrostatic character of talin F2F3. The underside of talin is a largely positive surface, which is consistent with our understanding of the role of the MOP in talin-membrane interaction. This positive potential can strongly contribute to the protein's gravitation toward the anionic surface of the membrane, as observed in our simulations. In contrast to the strongly positive underside, the other three faces of talin are decorated with acidic residues (e.g., D194, D203, D207, D210, E291, and E294) generating largely negative potentials (Fig. 3) . The highly polarized nature of talin F2F3 is expected to minimize improper orientation of the peripheral protein with respect to the anionic surface of the membrane. Presenting positive residues on the surface meant to bind the membrane, while expressing negatively charged residues on the opposite faces, seems an effective strategy for talin to minimize the number of unproductive encounters with anionic membranes.
Identification of a hidden hydrophobic anchor
The insertion of a hydrophobic anchor into the membrane's core provides a strong stabilizing force for the membranebound forms of peripheral proteins (57) (58) (59) . Although electrostatic interactions do contribute to the overall binding affinity of peripheral proteins to the membrane, they can be readily displaced by water and ions in physiological solutions and are not sufficient for complete binding of peripheral proteins to the membrane. Insertion of a hydrophobic membrane anchor is therefore necessary for complete binding of peripheral proteins to the membrane (36, 46, 60) . As opposed to many other peripheral proteins with clearly exposed hydrophobic anchors (61, 62) or lipidated domains that insert into the membrane (63) , no membrane anchor is apparent in the crystallographically determined structure of talin F2F3, which represents the solution form of the protein. Previous experimental studies have predicted the presence of a hydrophobic anchor (29, 30, 34, 35) . However, description of the anchor, which is essential to understanding the membrane-bound form of talin, has remained elusive to both structural (21, 25, 26) and computational (28) studies due to the difficulty in fully characterizing the membranebound structure.
In our simulations, we have identified two classes of conformational changes on the surface of the membrane that can contribute to hydrophobic anchoring of talin: snorkeling of basic residues ( Fig. 4 ) and insertion of a Phe-rich membrane anchor (Fig. 2 a) , neither of which has been previously described, to our knowledge. The two events are connected, inasmuch as snorkeling of basic residues in the MOP allows for the release and insertion of the Phe-rich membrane anchor. After initial association of the MOP basic side chains, residues K256, K258, R276, K280, and K287 begin snorkeling within the membrane headgroup region. Snorkeling within the membrane has been demonstrated to be a mechanism to adopt a favorable conformation that stabilizes membrane proteins (64) (65) (66) ; however, to the Table S1 in the Supporting Material for both sidechain-lipid and backbone-lipid interactions. To see this figure in color, go online. best of our knowledge, it has not been reported for membrane association of peripheral proteins to date. The conformational change induced by the membrane causes the side chains of these basic residues, which are initially extended from the bottom of the F2 subdomain ( Fig. 4 b) , to spread out from the F2 subdomain in the plane of the membrane (Fig. 4 c) . This drags the protein deeper into the membrane while simultaneously pushing lipids out from underneath the F2 subdomain. This allows the buried Phe-rich membrane anchor to flip down into the membrane core. The snorkeling of MOP residues supports previous film balance studies (29) in which the area of lipid monolayers increased upon binding of talin, suggesting the protein must force out lipids to fully bind the membrane. Because these conformational changes require only side-chain rearrangements, the timescale of these membrane-binding simulations is expected to be sufficient to describe adequately the observed snorkeling phenomenon.
Although the snorkeling of lysine residues in talin F2 provides some hydrophobic stabilization to the membranebound talin F2F3, the insertion of the Phe-rich membrane anchor is expected to contribute the majority of hydrophobic stabilization to the membrane-bound form of talin. Snorkeling of basic residues drive the F2 subdomain further into the membrane, allowing for the release and insertion of the Phe-rich membrane anchor composed of residues F261 and F283 (Fig. 2 a) . These two phenylalanine residues are initially buried deep within the F2 subdomain in a hydrophobic pocket consisting of F249, F261, F267, and F283, together with other smaller hydrophobic residues; however, a local conformational change, together with side-chain rotation of the phenylalanines, allows for insertion of the Phe-rich membrane anchor. To evaluate the extent of exposure of the Phe-rich membrane anchor, we measured the sol-vent-accessible surface area (SASA) of these two residues in the solution simulation, in which these residues are buried within the protein, and across the five independent membrane-binding trajectories. At a probe radius of 1.5 Å , approximately the radius of a water molecule, the SASA is 273.04 5 5.98 Å 2 in the solution simulation versus 524.72 5 44.43 Å 2 in the bound state. This suggests that binding the membrane induces exposure of this Phe-rich membrane anchor. Root-mean-square deviation (RMSD) measurements of the MOP/anchor backbone and side chains ( Table 1) show that the backbone is relatively stable throughout both solution and membrane-binding simulations. However, upon membrane binding, there are large side-chain rearrangements (i.e., snorkeling of lysine residues and flipping down of the Phe-rich membrane anchor) that aid the protein in fully binding the membrane. Together, the SASA and RMSD support the idea that membrane binding induces a structural change in the MOP that exposes the Phe-rich anchor (F261/F283) to the membrane core. Once Shown for the F2 subdomain backbone (residues 206-306), the F3 subdomain backbone (residues 312-408), and the MOP/Phe-rich anchor region (residues 250-290). In each calculation, the reference structure was given by the first frame of the trajectory and the protein backbone was superimposed on the reference each frame. The RMSD was calculated every 0.05 ns for the last 10 ns of each trajectory and then averaged across all five membrane-binding trajectories.
the Phe-rich anchor is inserted, the protein remains stably bound to the membrane for the duration of the simulation in all five cases (see Fig. S2 ).
Membrane-induced rearrangement of the F2 and F3 subdomains
The talin F2F3 crystal structure depicts the canonical arrangement of talin subdomains (4, 21, 25) in which the F1 and F3 subdomains sit higher than the F2 subdomain, producing an overall structure that resembles a cloverleaf (see Fig. S1 ). This conformation prevents simultaneous interaction of the basic faces of the F2 and F3 subdomains (MOP and FAP, respectively) with the membrane surface. However, mutagenesis studies have shown that the F3 subdomain must interact with the surface of the membrane to activate integrin (23, 32) . Additionally, our electrostatics calculations ( Fig. 3 ) predict strong interaction between the largely positive potential of the FAP and the anionic surface of the membrane. Because the F3 subdomain is the point of interaction between talin and integrin (20) , a full description of its behavior (structure and dynamics) in the presence of the membrane is key to our understanding of how talin modulates integrin activity.
In each of the simulations performed, after the insertion of the F2 subdomain we observe attraction of the F3 subdomain to the surface of the membrane (Fig. 1 and see Fig. S2 ) manifested by spontaneous binding of the F3 subdomain to the membrane surface via residues K325, N326, and K327 (Fig. 2) . This observation agrees with mutagenesis studies (23, 32) demonstrating weaker membrane binding of talin upon neutralization of these charged residues. The internal backbone RMSD of the F3 subdomain is relatively small (Table 1) ; however, it undergoes a large structural reorientation with respect to the F2 subdomain ( Fig. 5 ), representing the largest membrane-induced effect observed in our simulations. A control simulation of talin in solution clearly indicates that this phenomenon is membrane-induced as opposed to general relaxation of the protein from the crystal structure.
Although some structural fluctuation of talin F2F3 is observed during the solution simulation ( Fig. 5 ), indicating the inherent interdomain flexibility of talin F2F3, the structural fluctuations are, by far, smaller than those observed in the presence of the membrane and are not sustained throughout the simulation. Moreover, measurement of the angle between the F2 and F3 subdomains (Fig. 5) shows that there is a distinct rotation of the F3 subdomain relative to the F2 subdomain induced by the membrane. The angle between the F2 and F3 subdomains is much smaller when binding the membrane (11.2 5 5.0 ) versus the same angle measured in a control solution simulation (35.5 5 5.5 ). To properly bind the membrane, the F2 and F3 subdomains undergo internal structural rearrangements that are not observed in the solution simulations, as evidenced by RMSD and interdomain angle of the solution and membrane-binding simulations (Table 1, Fig. 5 ). The F3 subdomain is thought to disrupt a highly conserved, intermolecular salt bridge between the integrin aand b-tails, leading to integrin activation (3, 4, 6, 12, 8, 13) . NMR studies (21) have demonstrated that residues K325 and K327 in the talin F3 subdomain intimately interact with this salt bridge; however, the role of the F3 subdomain in integrin activation cannot be ascertained from the structures (21, 25, 28) , which precludes the simultaneous binding of both the F2 and F3 subdomains. Our simulations demonstrate that residues K325 and K327 bind to the membrane, but only superficially ( Fig. 1 e and Fig. 2 b) , sitting on the surface of the membrane (~1.5 Å above the phosphate layer) and coordinating~3 phospholipids (see Table S2 ) and, therefore, those residues would still be optimally positioned to interact with integrin. Moreover, it is only after the large, membrane-induced conformational change observed in our simulations that talin would be positioned to properly interact with the acidic residue on the integrin b-tail and cause disruption of the conserved salt bridge, leading to integrin activation.
Membrane-bound talin remains stable in a DOPS membrane
Although the HMMM model does allow for expedited membrane binding and sampling of protein-lipid interactions, the model was not necessarily designed to, and indeed may not, completely reproduce the mechanical and electrical properties of a conventional membrane. Therefore, to explore whether the membrane-bound model of talin proposed by simulations using the HMMM model are stable and accurate, we grew a DOPS (1,2-dioleyl-sn-glycero-3-phosphatidylserine) membrane around the membrane-bound talin (see Methods for further details on the membrane growing process). Over successively decreasing levels of restraint, the DOPS membrane was allowed to adapt to the membranebound conformation of talin, while keeping the backbone of talin F2F3 harmonically constrained. Once equilibrated, the talin F2F3/DOPS system was simulated for 100 ns. In Fig. S3 , the timecourse of both the area per lipid and membrane width have been plotted over the entire simulation to demonstrate the structural convergence of the full DOPS membrane, which was grown around the inserted talin F2F3 subdomain. After~40 ns, these measurements have plateaued and the membrane can be deemed sufficiently relaxed. The internal structure of the protein remains stable throughout the 100-ns simulation, with the average talin F2F3 backbone RMSD <3 Å , the average F2 subdomain RMSD of 1.63, and the average F3 subdomain RMSD of 2.54 Å (see Table S3 ). Although there is a slight decrease in the depth of penetration of talin (<5 Å ), the protein remains stably bound to the DOPS membrane for the duration of the simulation (see Fig. S4 ), with the Phe-rich membrane anchor remaining inserted into the DOPS bilayer and the FAP and MOP residues remaining in contact with the membrane. Therefore, the membrane-bound model of talin F2F3 observed in five independent simulations using a PS HMMM model is a stable conformation of talin, and sug-gests that the results garnered from the HMMM model studies represent physiologically relevant states important for understanding talin membrane binding and the effect of membrane-bound talin on integrin activation.
DISCUSSION
The process of talin-dependent activation of integrin is heavily dependent on membrane-binding of talin and associated protein structural changes. Therefore, detailed structural descriptions of both membrane-bound talin as well as the talin/integrin complex are indispensable to understanding this vital system. In this study, we present an atomic detailed model of the membrane-bound state of talin F2F3 and describe membrane-induced structural transitions that suggest a putative mechanism for why membrane-binding is a key process in talin-mediated activation of integrin.
By utilizing a novel membrane representation (36) , which allows for efficient sampling of talin-membrane interactions at an atomic resolution, we were able to capture the spontaneous binding of talin F2F3 to the membrane in multiple, independent simulations. We observed that membrane binding of talin occurs as three distinct events ( Figs. 1 and 6) , namely:
1. Nonspecific electrostatic steering of the basic MOP residues in the F2 subdomain to the anionic surface of the membrane facilitated by the polarized electrostatic nature of the protein; 2. Release and insertion of a conserved, initially buried Phe-rich membrane anchor aided by the snorkeling of MOP residues; and 3. Large-scale, interdomain conformational change enabling the F3 subdomain to directly engage in membrane interaction via a triad of residues in the FAP.
All simulations show the same trend in regards to insertion of the MOP, FAP, and Phe-rich anchor, but subtle differences in absolute penetration depths between simulations demonstrate the fluid and dynamic nature of the membrane itself. It should be noted that the model of talin/integrin activation in FIGURE 6 A model for membrane-mediated activation of integrin by talin. Cytosolic talin F2F3 (a) is initially attracted to the anionic surface of the membrane (red layer) by the positively charged MOP residues (blue area in the F2 subdomain). Once the F2 subdomain associates with the membrane (b), basic MOP residues in the F2 subdomain begin snorkeling within the membrane, leading to a local conformational change (c), which allows the Phe-rich hydrophobic anchor to be inserted into the membrane core and anchor talin to the membrane. After this event, the positive residues of the FAP (blue area in the F3 subdomain) are attracted to the anionic surface of the membrane, leading to an interdomain conformational change in which the F3 subdomain also makes contact with the membrane surface (d). Once the F3 subdomain associates with the membrane surface, it is optimally positioned to interact properly with the two activating sites on integrin b-tail (orange helix). These interactions promote separation of the native integrin complex (d), consisting of integrin a-tail (blue helix) bound to the b-tail, leading to integrin activation. To see this figure in color, go online.
Biophysical Journal 107(9) 2059-2069 Fig. 6 is speculative, and more work needs to be performed to elucidate the fundamental interactions dictating talinmediated integrin activation and the role that the conformational changes herein described have in that process.
In addition to the basic residues previously proposed (Anthis et al. (21) , Saltel et al. (23) , and Kalli et al. (28) ), our simulations have elucidated the involvement of additional residues in the MOP, which are conserved across multiple species. Interestingly, we were also able to observe a few of the MOP residues snorkeling within the membrane, reporting for the first time to our knowledge, the involvement of such a mechanism in membrane binding of a peripheral protein. The simulations reported herein have also identified a membrane anchor composed of phenylalanine residues that insert into the membrane after the snorkeling of MOP basic residues. Although a membrane anchor had been suspected to exist, none had been identified before this study.
Lastly, our simulations have revealed a large, interdomain conformational change of the F3 subdomain, which reconciles previous mutagenesis studies with the available crystallographic and NMR structures of talin obtained in the absence of membrane. Driven by general (nonspecific) electrostatic attraction, the F3 subdomain rotates relative to the F2 subdomain, coming into direct contact with the membrane via the FAP. This conformational change is reminiscent of a recent crystal structure of the entire talin head domain (26) , which shows an elongated, co-linear structure for the F1-F3 subdomains, as opposed to the commonly accepted cloverleaf arrangement. This provides experimental evidence that the conformational change seen in these simulations is accessible to the protein. However, this structure was acquired in the absence of the membrane and, therefore, lacks the atomic-level detail of membrane bound talin found in this report.
Because the full talin head structure was not available at the commencement of this study, we have only studied the dynamics of the F2F3 subdomain in the presence of the membrane. It can be speculated, however, that due to the relatively unstructured regions between subdomains, that the same conformational changes would be observed in the full head domain construct. Notably, the conformational change appears to be of the magnitude needed for integrin activation through mechanical coupling of the two proteins. Both the HMMM and full membrane simulations utilize a system composed of 100% PS molecules to increase the probability of observing a binding event. We are unsure whether this has any effect on the structure of the membrane-bound form. We note, however, that it is very difficult to know the local concentration of differing types of lipid molecules surrounding the protein experimentally, making it a challenging task to model the local environment of the protein in MD simulations. As of this writing, we are working with smaller membrane anchoring domains to resolve how different local concentrations of lipids can affect protein structure once bound to the membrane. We are also in the process of studying how PIP 2 affects the membrane-bound state of talin. However, there is a lack of accurate parameters for these signaling lipids and the majority of our effort in this area has gone into parameterizing these unique lipids.
Although the HMMM model effectively decreases the time needed to observe spontaneous membrane insertion of peripheral proteins, it is not expected to reproduce certain physical properties of membranes such as volume/area compressibility and bending moduli by design. This model is intended to provide a more dynamic platform for peripheral protein insertion, facilitating rapid rearrangement and displacement of lipids and allowing for collection of sufficient statistics to propose reliable structural models. Due to the fact that the headgroup region of the HMMM is identical to a conventional membrane, we expect lipid-protein interactions in this region to be unchanged by use of the HMMM model. Indeed, upon conversion of the HMMM membrane to a conventional DOPS membrane, the membrane-bound form of talin was unperturbed, retaining both the global subdomain arrangement and the local lipid-protein interactions.
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